Abstract Normalisation to a reference gene is the most common method of internally controlling for error in quantitative PCR (qPCR) experiments. Studies based on qPCR in chickpea have been carried out using potential reference genes exclusively. Inappropriate normalisation may result in the acquisition of biologically irrelevant data. We have tested the expression of 12 candidate internal control genes in 36 samples representing different organs/developmental stages, genotypes and stress conditions. The most stably expressed genes were PUBQ, GAPDH, UBQ and bHLH, whereas 18S rRNA and EF-1a showed considerable regulation. The most suitable combination of reference genes for the particular experimental sets tested is provided. To illustrate the use of chickpea reference genes, we checked the expression of a putative defence gene in two different genotypes infected with Ascochyta rabiei (Pass.) Lab. The set of reference genes presented here will enable the more accurate and reliable normalisation of qPCR results for gene expression studies in this important legume crop. Our findings can be used as a starting point for reference gene selection in experimental conditions different from those tested here.
Introduction
Nowadays, many under-researched crops are closer to the genomic era. The use of high-throughput technologies and the availability of new genomic data will ultimately transform molecular strategies for crop improvement, such that currently taking place in legumes (Varshney et al. 2009 ). Taking advantage of the knowledge gained from the model legumes Medicago truncatula and Lotus japonicus and the powerful genomic resources developed in the last 15 years, efforts are currently being focused on chickpea (Cicer arietinum L.) germplasm within the framework of new international initiatives. Chickpea is the third most important grain legume worldwide (Food and Agriculture Organization 2008) , but a major factor limiting its production is the exposure to abiotic and biotic stresses that decreases yield and productivity. For example, one of the most notable features of the legume family, symbiotic nitrogen fixation, is strongly constrained in chickpea by abiotic factors such as drought and salinity. Low temperatures during seed development strongly influence their quantity and quality (Kaur et al. 2008; Nayyar et al. 2007 ). In terms of biotic stresses, fusarium wilt and ascochyta blight caused by Fusarium oxysporum Schlechtend: Fr. f. sp. ciceris (Padwick) Matuto and K. Sato and Ascochyta rabiei (Pass.) Lab., respectively, are responsible for widespread damage to chickpea crops worldwide. Substantial losses of 10-15% of production every year is caused by vascular wilt (Ashraf et al. 2009 ), and in favourable environmental conditions ascochyta blight may contribute to an annual loss approaching 100% (Navas-Cortés et al. 1998) . Currently, there is a strong consensus that a detailed understanding of the molecular mechanisms that underlie these traits could lead to novel and superior breeding strategies (Millan et al. 2006) .
To characterise stress responses on a molecular level, real-time quantitative PCR (qPCR) technology has emerged as the most accurate and sensitive method for gene expression analyses (reviewed in Bustin 2000 Bustin , 2002 Pfaffl 2006; VanGuilder et al. 2008; Wong and Medrano 2005) . Since the relatively recent introduction of this technique in the plant science community, the interest in qPCR has increased exponentially (Gachon et al. 2004 ). However, there are a number of problems associated with its use because of the numerous critical steps required throughout the entire workflow that may influence the accuracy and reliability of results (Derveaux et al. 2010; Hugget et al. 2005) . Reference-gene-based normalisation is a major step in a qPCR experiment. It corrects for variable starting amounts of RNA and for differences in reverse transcription (RT) efficiency, since the references are exposed to the same preparation steps as the gene of interest Hugget et al. 2005; Radonic et al. 2004; Udvardi et al. 2008) . Neverthless, normalisation itself requires special attention because it depends on the identification and selection of uniformly expressed genes. The importance of a robust normalisation approach for providing accurate qPCR results has been noted as a key point by several different authors (Dheda et al. 2004 Gutierrez et al. 2008a; Hugget et al. 2005) . In spite of its superiority over other methods available for evaluating gene expression, qPCR remains underused, due in part to the conflicting results obtained without the proper normalisation strategy (Gutierrez et al. 2008a; Guénin et al. 2009 ).
In the field of plants, Gutierrez et al. (2008b) elegantly demonstrated recently that a reference gene with stable expression in one organism may exhibit a different expression pattern in another organism; even when studying the same organism, no reference gene could be considered as a universal reference, signifying the importance of studies aimed at the identification and/or validation of the expression stability of certain reference genes. In a high-impact study performed by Czechowski et al. (2005) , it was shown that the identification of novel genes that had not previously been considered as internal controls could outperform traditional references in terms of expression stability.
In the literature, there are a number of studies in chickpea in which genes used as references for qPCR analysis have been exclusively potential reference genes. In this work, we evaluated different candidate reference genes for transcriptomic studies, mainly focusing on the dominant stresses of C. arietinum. We selected seven genes based on their traditional usage as internal controls in plant expression studies, viz. 18S rRNA, ubiquitin (UBQ), polyubiquitin (PUBQ), elongation factor 1a (EF-1a), actin (ACT), b-tubulin (TUB), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Furthermore, we included five novel candidates based on both the availability of their sequences in C. arietinum and the previous assessment of their stable expression in model plants, either Arabidopsis (Czechowski et al. 2005) , or Medicago (Kakar et al. 2008) . These genes encoded a helicase, basic helix-loop-helix family protein (bHLH), clathrin adaptor complex subunit (CAC), phosphoprotein phosphatase 2A (PP2A) and pentatricopeptide repeatcontaining protein (PPR). We attempted to (1) address each critical issue that needs to be carefully considered in a qPCR assay and (2) identify a highly stable set of reference genes for several stress-based experiments in C. arietinum.
Materials and methods

Plant material
Plants from each of the chickpea genotypes WR315, ILC3279, ILC72, ICCV2 and ICC4918 were grown in individual pots filled with perlite in a growth chamber with a daily regime of 12 h of light at 25°C and 12 h of dark at 22°C until the moment that stress treatments started. Groups of 10-15 plants per genotype were used for each experimental panel assessed in this study. Tissue samples from each five plants were harvested and pooled for RNA extraction. All tissues were immediately frozen in liquid nitrogen and stored at -80°C until RNA extraction. Two biological repetitions were performed.
Cold stress treatment
Cold treatment was applied to the susceptible genotype ICC4918 (Srinivasan et al. 1998 ) 2 weeks after flowering. To simulate this stress, plants were exposed to a cycle of 12 h day/12 h night at temperatures of 25 and 5°C, respectively (Mantri et al. 2007 ). Leaves, flowers and immature pods from treated plants were collected after the seventh night at 5°C.
Drought stress treatment
Drought stress was imposed on the susceptible genotype ILC72 (Singh et al. 1997 ) 2 weeks after flowering according to the method developed by Mantri et al. (2007) . This treatment was carried out in a growth chamber in 12 h of light at 25°C and 12 h of dark at 22°C. All plants were saturated with water just before the dark cycle started, and the following light period pots were bagged so that no water could evaporate. A 1.0 ml pipette tip was cut slightly at the tip and inserted into the pot to enable the addition of water. The initial pot weight was recorded. The water content in each pot was estimated to be 30% of the initial pot weight (based on wet weight and dry weight). From the subsequent day onwards, the control pots were maintained at 80% water content and the treatment pots were allowed to lose 5-10% of their water content per day, and any extra water lost ([10%) was replenished. Leaves and stems were collected separately when the treatment pots reached 30% water content, indicative of a drought or high water deficit condition (Mantri et al. 2007 ).
Salinity stress treatment
For the salinity stress treatment, 18-day-old plants from the susceptible genotype ICCV2 (Vadez et al. 2007) were irrigated with Hoagland's nutrient medium with 150 mM NaCl (pH 6.5), which represents a high salinity concentration for chickpea (Mantri et al. 2007; Munns et al. 2002) . Leaf, stem and root tissues were collected from treated plants 24 h after treatment.
Ascochyta rabiei inoculation
Two ascochyta blight differential germplasm lines, (susceptible) WR315 and (resistant) ILC3279 (Iruela et al. 2007) , were inoculated with a highly virulent isolate of A. rabiei isolated from infected chickpea plants at Córdoba, Spain. Spore suspensions at concentrations of 5 9 10 5 were prepared from 14-day-old fungal cultures that were grown on V8 agar (200 ml V8 juice, 3 g CaCO 3 and 20 g Difco agar L
-1 ) at 20°C and 12 h light/dark. Inoculations were performed on two-week-old plants by spraying approximately 5 ml of the spore suspension on each plant with a plastic sprayer until run-off occurred. The inoculated plants were incubated in the dark at 20°C and 100% continuous relative humidity for 24 h to facilitate infection. Plants were then placed in a growth chamber that was set to cycle at 12 h day (20°C) and 12 h night (16°C) and 100% relative humidity. Leaf and stem tissues from inoculated plants were collected 72 h after inoculation.
Fusarium oxysporum f. sp. ciceris race 5 inoculation Two-week-old plants from the genotypes (resistant) WR315 and (susceptible) ILC3279 (Iruela et al. 2007) were inoculated with the race 5 of Fusarium oxysporum f. sp. ciceris by dipping wounded roots in a spore suspension at a concentration of 1 9 10 6 conidia/ml, following the method of Tullu et al. (1998) . Inoculated plants were grown in a growth chamber in 12 h of light at 25°C and 12 h of dark at 22°C. Root samples from inoculated plants were harvested 72 h after inoculation.
Developmental series
Developmental series (root, leaf, stem and flower samples) were collected from 15 plants of WR315 grown in a growth chamber in 12 h of light at 25°C and 12 h of dark at 22°C. Roots, leaves and stems were separately harvested from 19-day-old plants. Flower samples were collected 2 weeks after flowering (60 days after sowing) and immature pods 67 days after sowing.
RNA and DNA isolation and quality controls Total RNA from all samples was isolated using the TRIZOL reagent (Invitrogen, CA, USA) according to the manufacturer's protocols from different pools of five plants to minimise the variation in gene expression present in individual plants. RNA concentration and purity was determined by measuring the optical density at 260 nm and the A 260 /A 280 absorption ratio using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). Only the RNA samples with A 260 /A 280 ratio between 1.9 and 2.1 and A 260 /A 230 [ 2.0 were used in the analysis. The same samples were run on the Experion automated electrophoresis system (Bio-Rad Laboratories, CA, USA) to assess the integrity of the total RNA (Electronic Supplementary Material Fig. S1 ). After measuring on the NanoDrop and checking the integrities, all RNA samples were adjusted to the same concentration, measured and adjusted again to homogenise RNA input in the subsequent reversetranscription reactions. DNA was isolated from young leaves of WR315 using the plant DNAzolÒ (Invitrogen) procedure.
First strand cDNA synthesis and quality controls To avoid any genomic DNA (gDNA) contamination, total RNA (1 lg) was reverse-transcribed with a blend of oligo-dT and random primers using the QuantiTec Reverse Transcription Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. Absence of genomic DNA contamination in RNA samples was tested for each 32 samples by performing minus RT (-RT) controls, containing all components (including template RNA) except the reverse transcriptase. As a positive control, a quantity equivalent to that of the cDNA used as a template in the subsequent amplification PCRs (i.e. 10 ng of genomic DNA) was amplified using the tubulin primer pair (C q = 20.54; E TUB = 0.99 ± 0.01; average ± SE). If no amplification was detected in any control (-RT) after 40 cycles, then the cDNA samples were considered to be suitable for further analysis. The cDNAs were diluted to a final volume of 100 ll. To assess cDNA synthesis efficiency, qPCR was used to amplify segments in the 5 0 and 3 0 regions of a malate oxidoreductase gene (primers:
0 -GCTTCGAGCAGCAGTTGAAGAA-3 0 ; and AJ40 4642_3 0 R, 5 0 -CTTTTGACATGTGTGCAAGTT-3 0 ). The segments are 1,671 and 450 bp from the 3 0 end respectively on the RNA (867 and 72 bp from the 3 0 -end on the cDNA). The 3 0 :5 0 ratio of the malate oxidoreductase cDNAs was determined according
All the ratios were inside the range 1-3 (1.51 ± 0.11). Therefore, the cDNAs were judged to be suitable for qPCR analysis.
Primer design and qPCR conditions
All PCR primers were tested for specificity using NCBI's BLAST software. The primers were designed with the following criteria: T m of 59 ± 1°C and PCR amplicon lengths of 55-120 bp, yielding primer sequences with lengths of 19-27 nucleotides and GC contents of 45-65%. Designed primers were ordered and synthesised at Sigma-Genosys Ltd. (Haverhill, UK). Primer sequences are listed in Table 1 and are available in the public RTPrimerDB database (Lefever et al. 2009 ). Table 1 shows the overall mean real-time amplification PCR efficiency of each primer (E) pair estimated from the data obtained from the exponential phase of each individual amplification plot and the equation (1 ? E) = 10 slope by using LinReg software and the criteria of including four fluorescent data points with R 2 C 0.998 to define a linear regression line (Ramakers et al. 2003) . With this method, the E value is derived from the log slope of the fluorescence versus cycle number curve for each particular primer pair, does not require standard curves and yields very similar amplification efficiencies compared to methods based on series of template dilutions (Czechowski et al. 2004 ). The sample maximisation method was chosen as the run layout strategy. Here, different genes are analysed in different runs, i.e. the same gene is analysed across all the different cDNAs in the same run. Polymerase chain reactions were performed in a 96-well plate with a Mx3000P Real-Time PCR System (Stratagene, La Jolla, CA, USA), using SYBR Green to monitor dsDNA synthesis. Reactions (Bustin 2002) . The specificity of the amplicons was checked by melting-curve analysis performed by the PCR machine after 40 amplification cycles (60-95°C with one fluorescence read every 0.6°C). All investigated qPCR products showed only single peaks and no primer-dimer peaks or artifacts.
MFOLD analysis
For predicting the secondary structure of the amplicon, we used MFOLD version 3.2 software based on minimal free energy (http://mfold.bioinfo.rpi.edu/cgibin/dna-form1.cgi), using default settings and 50 mM Na ? , 3 mM Mg 2? and an annealing temperature of 60°C (Zuker 2003) . We chose those amplicons with the minimal secondary structures and with a melting temperature that did not hamper the annealing (Supplementary Fig. S2 ).
Data analysis
Data were analysed using Mx3000P analysis software v4.0 (Stratagene). All amplification plots were analysed using an R n threshold of 0.01 to obtain C q (quantification cycle) values for each gene-cDNA combination. To determine which reference genes were best suited for transcript normalisation, we first used the statistical algorithm geNorm (Vandesompele et al. 2002a) . In a second approach, the coefficient of variation of normalised relative expression levels was calculated based on the formulas (formula 11, 13, 15, 17, 18, 19 and 20) described in the qBase software (Hellemans et al. 2007 ), according to the method of Expósito-Rodríguez et al. (2008) . In short, C q values were incorporated into an Excel worksheet and transformed into relative quantities (RQs) using the efficiency of each primer-pair and the sample with the lowest C q as a calibrator. Then, a sample-specific normalisation factor (NF) was estimated as a geometric mean of RQs for the candidate genes. Finally, the mean coefficient of variation (CV) for all reference genes was calculated as the arithmetic mean of the CV estimated for the different reference genes. Data from biological replicates were analysed separately in both approaches.
Assessment of normalisation to a gene of interest A fungal pathogen-responding gene encoding a monooxygenase cytochrome P450 (GenBank accession no. AJ012581; Cho and Muehlbauer 2004) was used to assess the validity of the procedure for the selection of reference genes. Gene expression levels were determined in leaves from WR315 (susceptible) and ILC3279 (resistant) infected with A. rabiei. Three different normalisation factors were calculated based on (1) the geometric mean of the relative quantities of expression levels of genes with the lowest M values (as determined by geNorm), (2) a single reference with the highest M value and (3) a single reference from the pair with the lowest M value. Raw C q values were transformed to relative quantities using the delta-C q formula Q = E -DCq , where E is the real-time PCR amplification efficiency of the gene and DC q is the C q value of the sample in question minus the C q value of the sample showing the highest expression, used as calibrator. Finally, normalised expression levels were rescaled and the expression level of the susceptible plants was set at 1. The mean coefficient of variation for all samples was calculated in the three cases.
Results
To evaluate the stability of the expression of the 12 potential reference genes, their transcription profiles were assessed by qPCR in a set of 36 cDNA samples that included various genotypes, tissues and treatment series. Within a biological replicate for a tissue sample, the same pool of cDNA from five plants was used to analyse each of the twelve genes using gene-specific primers. High-quality total RNA was obtained and evaluated by absorbance ratios and RNA quality numbers (RQI) [ 8.5. The melting-curve analysis performed by the PCR machine after 40 cycles of amplification showed that each of the twelve primer pairs amplified a single product (a representative trace is shown in Supplementary Fig. S3 ). All 12 primer pairs had efficiencies higher than 0.85, and six were higher than 0.95. Each given efficiency value shown in Table 1 represents an average ± SE calculated from 36 amplification plots. The amplification efficiencies for the primer pairs studied varied from 0.86 for helicase to 0.97 for polyubiquitin, and correlation coefficients ranged from 0.998 to 1.000.
Stability analysis in the experimental panels
To analyse the stability of the expression and identify the most suitable reference genes, we used the statistical algorithm geNORM v3.5 (http://medgen. ugent.be/*jvdesomp/genorm/). The stability measurement relies on the principle that the expression ratios of two ideal reference genes are identical in all samples, regardless of the experimental condition and cell type (Vandesompele et al. 2002a) . The program defines a stability measure (M) as the average pairwise variation between a gene and all other reference genes in a given set of samples. The average expression stability values M in our data are shown in Fig. 1 . The abiotic stress experimental panel was composed of roots, shoots, flowers and immature pods from three different genotypes susceptible to cold, drought and salinity (Supplementary Table S1 ). The lowest M value was observed for the pair UBQ/bHLH (M = 0.542), corresponding to the most stable expression. The M value for 18S rRNA was considerably higher (over the default software limit of M = 1.5) than for the rest of the control genes. The seven most stably expressed genes (UBQ/bHLH/PUBQ/PPR/PP2A/helicase/GAP-DH) in the abiotic experimental panel showed values of M = 0.928 and CV = 0.483. These values are inside the ranges M \ 1 and CV \ 0.5 acceptable for heterogeneous panels proposed by Hellemans et al. (2007) . The inclusion of additional genes beyond these seven references showed values outside the ranges. The biotic stress panel included roots and leaves from two genotypes differing in their sensitivity to F. oxysporum f. sp. ciceris and A. rabiei. PUBQ and GAPDH were the most stably ranked across the samples (M = 0.351), while 18S rRNA exhibited higher expression variability. The combination that showed values inside the acceptable range included the three most stably expressed genes: PUBQ/GAPDH/PP2A (M = 0.760 and CV = 0.413). Finally, different tissues (roots, shoots, leaves and flowers) from one genotype not exposed to any stress comprised the developmental stages panel. The most stable expression was detected for the pair PUBQ/GAPDH (M = 0.240), while expression profiling of 18S rRNA and EF1a had M values above the geNORM 1.5 threshold. The five genes most stably expressed (PUBQ/GAPDH/PPR/ helicase/TUB) displayed values inside the recommended range (M = 0.789 and CV = 0.358). Due to the highly heterogeneous nature of this panel, the developmental series was analysed further to identify whether specific types of tissues might have an effect on the stability parameters. The mean expression value (MV), SD and the ratio SD/MV (i.e. coefficient of variation, CV) were calculated for the two most stably expressed genes in the panel (PUBQ and GAPDH) after the omission of root, shoot, leaf, flower and immature pod samples. When the data from leaf samples were excluded from the developmental set, the CV values for the pair PUBQ and GAPDH decreased to 0.212 (DCV = -0.111) and 0.221 (DCV = -0.113), respectively, suggesting that the expression of the leaf samples increased the CV in general. The exclusion of the other samples did not change the CV or increased it only slightly ( Supplementary Fig. S4 ).
Experimental panel-specific gene expression
Based on the strategy aimed at eliminating most variation and comparing expression levels within a heterogeneous group as described by Vandesompele et al. (2002a) , we used the same set of references for normalisation by calculating the geometric mean of the six control genes that were withheld from the remaining set of eight genes after the elimination of the two references with the highest M value within each experimental panel (18S rRNA, helicase, ACT and EF1a). Figure 2 shows an estimate of the transcript abundance of the reference genes. The genes covered an extended range of mean expression levels showing more than 5500-fold differences in expression between the most abundant (18S rRNA) and the least abundance transcript (CAC). Related to the overall abundance of a particular expressed gene in a given panel, we clearly observed two groups represented by those genes that showed average differences of over 10-fold between samples (18S rRNA, EF1a, and ACT) and by some other references with a relatively constant expression level (for example UBQ or GAPDH).
Stability analysis in experimental subsets
The same evaluation procedure applied in the experimental series was tested on five different combinations: cold, drought, salinity, fusarium wilt and ascochyta blight stress. All the recommended references showed mean M and CV values inside the acceptable ranges M \ 1 and CV \ 0.5 (Table 2) . When the ascochyta blight subset was considered, four reference genes were necessary for accurate normalisation, as indicated by the V 4/5 value, which was lower than the recommended cut-off threshold of 0.15 (Vandesompele et al. 2002a ). In the rest of the samples, the inclusion of the two most stably expressed genes was sufficient (V 2/3 \ 0.15). Gene combinations are displayed for our samples ( in parentheses), according to the suggested minimal use of at least three reference genes (Vandesompele et al. 2002a, b) . At least two out of three genes (or four in the case of ascochyta blight stress) in the combination recommended for each particular subset were ranked among the top five in the analysis of the experimental panel from which they were derived, the single exception being the salinity stress subset that included the notable upgrade of TUB and EF1a. Stability measurements for all experimental subsets, as determined by geNORM, are shown in Supplementary Fig. S5 .
Validation of stability data
The relative expression level of cyp81E3 was determined using the selected reference genes (Table 2 and Supplementary Fig. S5 ). When normalised using PUBQ, GAPDH, PP2A and TUB as reference genes [NF (1) (2) (3) (4) ], the analysis of gene induction regulation in resistant versus susceptible plants revealed more than 8.30-fold expression differences (Fig. 3a) . With only one reference gene, the expression level differences were reduced to 6.67-fold when the reference used was one out of the two with the lowest M value (PUBQ; NF 1 ) and increased substantially ([19.15-fold differences in expression levels) when the reference with the highest stability value was used (18S rRNA; NF 11 ). The gene-specific variation was higher when the data were normalised to NF 11 . In contrast, the smallest variation was detected when a normalisation factor based on the reference genes with the lowest M values was used (Fig. 3b) .
Discussion
Normalisation of the expression to reference genes is a simple method that is frequently used to internally Results are represented as means ± SE. Relative expression was rescaled to 1. b Average gene-specific variation for cyp81E3 in WR315 and ILC3279 plants using three different normalisation factors control for errors in qPCR. Here, we describe an assessment of twelve reference genes for their use as internal controls in gene expression studies in a given set of cDNA samples containing different genotypes, cell types and treatments in chickpea. qPCR is considered today to be the gold standard for accurate, sensitive and fast gene expression measurements. However, the apparent simplicity of the qPCR technology has made it vulnerable to a lack of clarity and transparency in the literature, leading to few publications reporting in detail how results have been obtained (Bustin 2010) . With the aim of offering a consensus on the minimum experimental data necessary for evaluating qPCR, the MIQE Guidelines have been recently published (Bustin et al. 2009 ). Undoubtedly, the plant research community benefits from biomedical analyses, and the introduction of different technologies usually occurs after they have been implemented in mammalian or bacterial research. Nevertheless, the critical issues and considerations influencing the accuracy of results and the reliability of conclusions must be considered as rigorous standards of practice in the plant science field, similarly to the manner in which they are applied in the other disciplines. RNA quality is one of the crucial parameters that must be addressed in a gene expression profiling experiment (Bustin and Nolan 2004) . The enormous impact that the lack of knowledge regarding the extent of RNA degradation has on the interpretation of results is well known Perez-Novo et al. 2005) .
We tested the quality of input RNAs in two additional assessments. First, we analysed the electropherogram generated by a microfluidic capillary electrophoresis system. Then, we used a 3 0 :5 0 assay (Nolan et al. 2006) , employing a NAD-dependent malic enzyme as a target sequence (AJ404642). Both assays showed very high and comparable quality between the different starting RNAs.
Input RNA free of genomic DNA as the next step is another important requirement. Depending on the information available from databases, designing primer pairs that span an intron is not possible, because sometimes the gene structure of the target has not been reported or they are simply single exon genes. We agree that a suitable strategy is to perform a proper DNase treatment followed by a careful check for the absence of DNA through qPCR analysis of a target on the crude RNA (Vandesompele et al. 2002b ).
Another main factor influencing the efficiency of a PCR reaction, and hence the accurate detection of C q values, is the formation of secondary structures in the amplified fragments. This is often underestimated and consequently not considered during the different preparative steps of the qPCR experiment; however, hairpins overlapping primer annealing sites significantly hamper efficient annealing and negatively impact PCR amplification efficiency (Hoebeeck et al. 2005) . Thus, secondary structure evaluation in the amplicons should be routinely integrated into quality assurance of the qPCR workflow (Derveaux et al. 2010; Hoebeeck et al. 2007 ). The theoretical modeling of secondary structures of the amplicons generated in this experiment showed an efficient annealing of the primers, and the in silico assay evaluation was considered satisfactory.
We then tested an empirical validation consisting of checking the melting curve and estimating the realtime amplification efficiency. Afterwards, the minimum primer concentration was optimised using three different concentrations. We chose the one with the highest amplification (lowest C q ) and best product specificity as determined by melting curve analysis. The maximisation method as PCR run set-up was chosen because it has the important advantage of not suffering from technical (run-to-run) variation between the samples (Hellemans et al. 2007) .
Finally, to account for any variation between biological replicates not due to the treatments but intrinsic to the gene itself, we evaluated data from the biological replicates that was separated in the input panel in both data analysis approaches performed (Remans et al. 2008) . In summary, the main factors of the pre-assay work flow that could affect the reliability of the data were carefully controlled during the PCR experiment. That led us to a robust data analysis and an increased confidence in the output results in terms of stability expression.
In the experimental panels in this work, the most stably expressed genes were PUBQ, GAPDH, UBQ and bHLH whereas the expression of 18S rRNA and EF-1a showed stability values above the 1.5 geNorm default limit, suggesting that they cannot be used to normalise gene expression data in chickpea. However, this general statement must be carefully considered. EF-1a exhibited a steady expression pattern, so it may be appropriate to include it when the salinity subset is analysed. Nevertheless, the rest of the subsets analysed showed differential expression of the EF-1a gene. This was clear in the developmental stage panel, which showed expression level differences of over 80-fold between samples (Fig. 2) . In contrast to the present work, Garg et al. (2010) have identified EF1a as one of the most stably expressed references within a set of samples in chickpea. Our general approach has been based on a combined analysis of susceptible and resistant genotypes and different organs and tissues to identify non-variable expression from a variable background condition. Garg and his collaborators used one single genotype across the whole experiment, and the result may be specific to the line tested. Because of this apparently conflicting result, we recommend using EF-1a to normalise in chickpea only when there is clear evidence for its invariant expression under the particular experimental conditions tested. The developmental series was analysed further to identify whether specific types of tissues were responsible for the higher M value. Leaf samples (and to a lesser extent roots) had a marked influence on the CV, indicating that leaf samples have a different transcriptome from the other tissues and highlighting the difficulty that arises with using one internal gene as a reference in a whole organism independently of the tissue considered.
The main experimental panels were determined to be a useful starting point in the evaluation of reference stability in individual experimental systems. The five best-scoring reference genes were grouped into different combinations with stability values (M, CV) adequate for calculating a normalisation factor. With the exception of the ascochyta blight subset that required a combination of four references, the inclusion of the two most stably expressed control genes was sufficient for accurate normalisation of gene expression data (V \ 0.15). Because normalisation against three genes is currently considered to be the most universally acceptable method (Derveaux et al. 2010) , we have included this reference combination and the resulting stability values for the different subsets in Table 2 .
Several authors have pointed out that not only the stability but also the transcript abundance of a reference gene may affect the result (Cruz et al. 2009; Filby and Tyler 2007; Frost and Nilsen 2003; Hu et al. 2009 ). Similar expression of the target and the reference guarantees that both genes are subjected to the same kinetic interaction, leading to more accurate results (Czechowski et al. 2005; Robinson et al. 2007 ). In the present work, CAC was by far the least expressed gene (Fig. 2) . This makes it a good candidate for normalisation of expression when low abundance transcripts are being investigated. However, care must be taken in other situations. Table 2 shows a combination of the four most optimal references for normalisation after drought stress treatments if CAC had been excluded from the analysis because of its low expression.
To illustrate the suitability of the references recommended in the present study, we measured the differential expression of a specific chickpea gene with a known expression profile. Breeding high-yielding cultivars with enhanced resistance is considered to be the most effective means of controlling for different devastating diseases. Therefore, an understanding of the molecular mechanism of disease resistance at the transcript level is an important challenge. An investigation into the role of cyp81E3 as a candidate defence gene in chickpea to necrotrophic fungal pathogens is currently underway (Drs E. Madrid and J. Gil; personal communication). This gene is highly homologous to isoflavone 2 0 -hydoxylase from M. truncatula (Liu et al. 2003) . Hydroxylations catalysed by NADPH-dependent cytochrome P450 monooxygenases are critical steps in isoflavonoid biosynthesis, a subclass of phenylpropanoid metabolites distributed primarily in legumes (Dixon and Sumner 2003) . They possess a wide range of biological activities including those associated with pathogen-inducible antimicrobial compounds such as phytoalexins (Dixon et al. 2002) . Several cDNA clones with high sequence identity to isoflavone 2 0 -hydroxylase have been isolated from chickpea cell suspension cultures (Overkamp et al. 2000) , elicited L. japonicus (Shimada et al. 2000) and infected M. truncatula plants (Die et al. 2007 ). We focused on ascochyta blight, the major factor limiting the world production of chickpea. Significant differential expression between resistant and susceptible genotypes has been reported (Cho and Muehlbauer 2004) . We have detected differences in gene expression levels ranging from 6.67-to 19.15-fold in resistant plants, depending on the normalisation factor used. To identify real gene-specific variation, the average genespecific variation was determined. This coefficient should be minimal for proper reference genes. The analysis clearly demonstrated that most non-specific variation was removed when the most constantly expressed genes were used for normalisation. Unstable reference genes cannot completely remove variation; instead they add more, resulting in larger gene-specific variations for the tested genes. Figure 3 shows that even normalising against a single stable reference may have a significant impact on the evaluation of the expression levels.
In conclusion we have evaluated twelve candidate control genes for their use as reference standards to normalise gene expression data, controlling and assuring for every quality component of the qPCR assay. In addition, we provide sufficient information on experimental details to permit an objective evaluation of the validity of our results. We consider that these results combined with those previously from Garg et al. (2010) can provide a comprehensive set of reference genes for qPCR analysis in chickpea under abiotic stress conditions. Moreover, our analysis constitutes the first in-depth study in chickpea to validate the optimal control genes for the quantification of transcript levels in different organs and genotypes that vary in their sensitivity to major biotic constraints. The use of suitable references allowed a precise characterisation of a putative defence gene in plants resistant to ascochyta blight. The internal standards will enable more accurate and reliable normalisation in this important legume crop and their use is recommended as a starting point to evaluate their stable expression in individual chickpea qPCRbased experimental systems.
